ABSTRACT. Mordenite zeolite with Si/Al = 18 was successfully synthesized by the hydrothermal method. This zeolite was modified by partially dealuminated in HNO3 at 70 °C. Our analysis showed that the surface area of modified mordenite was increased more than that of the mordenite zeolite. Acid leaching removes impurities and aluminium from the zeolite network, improving Si/Al ratio of the framework and increasing the external surface area of the zeolite.The catalytic performances of these synthesized catalysts were investigated for metaxylene isomerization reaction in a fixed bed reactor. The performances were then benchmarked with the performance of SAPO-11, a commercially available catalyst.The results showed that p-xylene/o-xylene ratio over the catalysts was found to be in the order: dealuminated mordenite > mordenite > SAPO-11, however dealuminated mordenite and SAPO-11 gave higher m-xylene conversion than that of the mordenite.
INTRODUCTION
The C 8 aromatic fraction in a refinery consists mainly of four isomers, o-xylene, m-xylene, pxylene and ethylbenzene [1] . The xylene mixtures result from the catalytic reforming of petroleum NAFTA and the isomers of xylenes are usually obtained from this mixture by separation. After separation of o-isomers and p-isomers, the remainder richer in m-xylene, needs to be subjected to isomerization [2] . Xylene isomerization has received growing attention because of the increased demand of p-xylene [3] . Production of p-xylene is a petrochemical process of great importance since its oxidation yields terephthalic acid, which is a major component in the production of polyester fibers, synthetic resins, vitamins and pharmaceuticals [4] . Figure 1 shows the mechanism of m-xylene isomerization. Zeolites are well known microporous materials that widely used as catalysts in the petrochemical industry because of their large surface area, shape selectivity, and controllable acidity [6, 7] . The general formula of zeolites is M x/n [(AlO 2 ) x .(SiO 2 ) y ].wH 2 O.M = exchange cation of valency, n, w = the number of water molecules, x + y = the total number of tetrahedral per unit cell [8] .
Among the various zeolites, mordenite types were found to possess better isomerization activity due to their shape selectivity, high thermal and acid stability [3, 9, 10] . The structure of mordenite determined by Meier in 1961 [11] . The micropore system of mordenite has a onedimensional pore system that consists of two-pore channels, 12-membered oxygen ring channel with pore opening 6.7×7 Å which is interconnected to 8-membered oxygen ring channel with opening 2.6 5.7 Å [10, 12, 13] . It has an orthorhombic crystal structure and 5-membered rings stacked in columns parallel to the [001]-direction framework [14] .
Mordenite is an industrially important zeolite and also used as a solid catalyst for many reactions such as alkylation, disproportionation, trans-alkylation, hydrocracking, hydroisomerization, dehydration, steam reforming, polymerization, dewaxing and xylenes isomerization [8, 9] . It also widely used in separation and purification due to its uniform, small pore size, flexible framework, high internal surface area and controlled chemistry [11] .
Dealumination of zeolites is an essential step in the synthesis of a large number of commercial zeolite formulations. Barrer and Makki demonstrated that a natural zeolite clinoptilolite can be dealuminated by treatment with hydrochloric acid without loss of the zeolite structure [15] . Mild acid dealumination of H-MOR was reported to result in a more active catalyst [16] ; due to the removal of amorphous material from the structure channels, as well as the generation of stronger acid sites during the dealumination process [17] .
In general, mordenite catalysts undergo rapid deactivation because of their uni-dimensional pore system with small side-pockets that are generally not accessible for reactant molecules, and limit the free diffusion of intermediate and product molecules. However, by applying dealumination methods, mordenite has been successfully used in industrial processes such as isomerization and hydro isomerization of hydrocarbons [18, 19] .
In this study, we prepared the mordenite and modified it by leaching with nitric acid, then studied some properties of framework such as Si/Al ratio, pore volume and surface area. At final, investigated the catalytic performance of synthesized mordenite and dealuminated mordenite in m-xylene isomerization and compared to commercial SAPO-11.
EXPERIMENTAL

Materials
SiO 2 as a silica source, sodium aluminate as an alumina source and sodium hydroxide, all of them were purchased from Sigma-Aldrich (USA). Nitric acid for modifying the zeolite was purchased from Merck. Crystallization was carried out in a Teflon coated stainless steel autoclave in a conventional oven.
Synthesis of catalyst
Mordenite zeolite was prepared using the procedures as described in the literature [11] . This reaction contains the follow steps: (1) 4.75 g NaOH was dissolved in 10 mL the water, (2) 3.75 g sodium aluminate was added to this solution and the mixture was stirred until dissolution, (3) 161.25 mL water was added to this solution, and (4) finally, 24.55 g SiO 2 was added and the mixture was stirred for 2 days. The molar composition of the prepared gel was: 6Na 2 O:Al 2 O 3 :30SiO 2 :780H 2 O.
The resulted gel was transferred to a reactor made of stainless steel coated with Teflon and heated to 180 °C for 24 hours in a conventional oven for crystallization of the compound. The precipitate was filtered off and washed with water, then using concentrated sulfuric acid the pH of the filtrate was adjusted to about 9. The obtained solid was dried at 110 °C.
Acid leaching
Nitric acid (70% pure, Merck) was used as dealuminating agent. The mordenite zeolite underwent 3 successive acid attacks using 2 M nitric acid at about 70 °C for 4 hours. The volume V of the nitric acid solution used (in mL) was equal to 10 times the weight P (in grams) of dry mordenite zeolite (V/P = 10). Between each of the acid attacks, the zeolite was washed with water. Next, the zeolite was dried overnight at 100 °C.
Catalyst characterization
X-Ray powder diffraction patterns were recorded on an PHILIPS PW1800 instrument using CuK α radiation. XRD patterns recorded from 4 to 54° (2θ). The SiO 2 /Al 2 O 3 ratio was determined by the PHILIPS PW1480 X-ray Fluorescence Spectrometer. The surface area and pore volume of the samplewere calculated using BET (JWGB K132F) equation. SEM (VEGA\\TESCAN) was used for determination of the crystal size of mordenite with an acceleration voltage of 15.00 kV. The lattice vibration in the inorganic framework was determined with FT-IR (BomemMB).
Catalyst activity measurements
m-Xylene isomerization was carried out in a fixed bed reactor according to the following conditions: pressure: 10 bar, temperature: 380 °C, the amount of catalyst: ca. 4 g of H-mordenite catalyst (6-10 mm mesh), space velocity (WHSV) of feed: 3.35 h -1 , catalyst depth: 1.2 mm. The hydrogen gas co-feed into the reactor for hydrogenation of ethylbenzene in order to the hydrogenation products convert ethylbenzene to xylenes [20] .
The catalyst was placed in the center of a stainless steel reactor and heated by a furnace. The composition of the feedstock is shown in Table 1 . The analysis of products was performed using gas chromatograph (Varian 3800) every 8 h. Figure 2 shows the schematic diagram of the experimental setup. m-Xylene conversion, pxylene/o-xylene ratio and xylene loss were calculated according to equations 1-3.
Xylene loss = Figure 3 shows the X-ray pattern of synthesized mordenite. The intense diffraction peaks were between 4° and 54° (2θ). These diffraction peaks are [10, 21, 22] and exhibited that a highly crystalline and pure sample has been formed. The XRD pattern of the dealuminated zeolites with acid treatement corresponding parent zeolites [2 
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Surface area
Some properties of both of the synthesized samples are given in Table 2 . Indications of structural changes are evidenced from the surface area and porosity, where both the surface area and pore volume of the parent mordenite were increased after acid leaching. Increase in the pore volume also suggests that the micropore volume of mordenite is increased after acid treatment [12] . Figure 4 shows that the morphology and size of the synthesized mordenite are similar with other studies as reported already [10, 21, 24] . Electron microscopy shows that synthesized mordenite has the crystal size about 5-7 μm. Figure 5 shows FT-IR spectra of Na-mordenite. It has some main absorption regions, the peak around to 1083 cm -1 ascribed to the stretch γ of Si-O bond and another peak near to 810 cm -1 referring to symmetric stretch γ of Al-O bond. It also has a peak at 638 cm -1 belonging to SiO 4 and AlO 4 tetrahedra and a peak centered at 583 cm -1 related to the vibration of five-membered rings [9, 10] . There was no significant difference with dealuminated mordenite (H-MOR) [25, 26] . In order to investigate the application of the prepared zeolite in m-xylene isomerization reaction, the synthesized mordenite sample and dealuminated mordenite have been tested in a fixed bed catalytic setup and compared the results with a commercial SAPO-11 catalyst (Si/Al = 20) provided by Zeolite International.
FT-IR studies
In Table 3 , the results of m-xylene conversion to p-xylene at a pressure of 10 bar and 380 °C on three zeolites are shown. 
m-Xylene conversion over the zeolite catalysts
Conversion of m-xylene over zeolite catalysts are plotted versus reaction time in Figure 6 . With the reaction time of 6 h over mordenite, m-xylene conversion reached a conversion of 14.91 compared to 17.71 over dealuminated mordenite and 16.40 over SAPO-11. Similarly, with the reaction time of 12 h. Figure 6 shows that m-xylene conversion reached a conversion of 14.54, compared to 16.70 over dealuminated mordenite and 14.11 over the SAPO-11. The results shown in Figure 6 , demonstrate that catalyst comprising a dealuminated mordenite zeolite performed much better catalytically in terms of m-xylene conversion than that catalyst comprising a non-dealuminated mordenite zeolite and SAPO-11. Such effect was ascribed to the presence of fewer and stronger Brønsted acid sites [27] . According to the Figure 6 , for three catalysts when the reaction time increased from 6 h to 12 h, the conversion m-xylene was decreased.
p-Xylene to o-xylene (P/O) ratio
The para to ortho ratio over mordenite, dealuminated mordenite and SAPO-11 are presented in Figure 7 for all three 6 h and 12 h reaction times.
As it is depicted in Figure 7 , extending the reaction time resulted in a smaller P/O ratio for all three catalysts. However, it is worth mentioning that regardless of the reaction time, dealuminated modernite and mordenite catalysts consistently provided higher level of P/O ratio as compared to SAPO-11. The higher P/O ratio over dealuminated mordenite catalyst is due to the higher diffusivity of p-xylene into the large pore of mordenite compared to the mordenite and medium pore of SAPO-11 (4 Å × 6.5 Å). p-Xylene quickly diffusion into the dealuminated mordenite zeolite as soon it forms [28, 29] .
Overall, the presented data here showed that our synthesized catalysts have good performance in comparison to the previous studies [3, 30] .
CONCLUSIONS
In this study, we successfully synthesized a mordenite zeolite with high crystallinity. Dealumination of the zeolite with nitric acid treatment increased Si/Al ration, pore volume and surface area of the zeolite. The performances of prepared zeolites investigated in m-xylene isomerization reaction in a fixed bed reactor and compared them with the commercial SAPO-11 catalyst. The changes in the pore volume of mordenite significantly increased m-xylene conversion to branched products, which might be due to the enhanced diffusion of p-xylene molecules through the improved porous system of the dealuminated mordenite.
Based on the results which were obtained from this study the amounts of p-xylene which were produced and P/O ratios over three catalysts were increased in the order of: modified mordenite > mordenite > SAPO-11. Para/ortho ratio significantly improved using dealuminated mordenite compared to mordenite without dealumination. m-Xylene conversion over SAPO-11 was higher than mordenite but was less than dealuminated mordenite.
Finally reviewing the results showed that the prepared mordenite and dealuminated mordenite are better catalysts than SAPO-11 in m-xylene isomerization reaction in terms of the amount of p-xylene which was produced, P/O ratio and xylene loss.
